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8Abstract
The thermal conductivities of oriented high density
polyethylene (HDPE, draw ratio= 1 to 25), low density
polyethylene (LDPE,,= 1 to 4.2), polypropylene (PP,
7= 1 to 15) and polyethylene terephth.alate (PET,= 5)
both along (K,,) and perpendicular to (Ks..) the draw direction
have been measured as a function of temperature between
100 K and 350 K by the Flash Method. At low draw ratio
(A. 6), the results f or all the samples except LDPE have
been satisfactorily explained by the modified Maxwell
model. For HDPE the further increase in thermal- conductivity
along the draw direction at larger N has been explained by
the Takayanagi model., The increase in thermal conductivity
on drawing is most marked for HDPE. At X= 25, K,, equals
to 140 mW/cm°K at 300 K which is about 25 times that of the
isotropic sample and is comparable to that of stainless
steel. The anisotropy of the oriented samples was found
to be large, with the ratio K,I/K,., at 300 K equals to 58
for HDPE( X= 25), 7 for LDPE(\= 4.2), 13 for PP
( = 15) and' 4.5 for PET (i\= 5), respectively.
1Chapter 1
Introduction
1.1 Heat Conduction in Amorphous Polymers
The thermal conductivities of a large number of
amorphous polymers have been studied in a wide range of
temperature. Some of the results are shown in Figure 1
(Choy 1977). It shows that all amorphous polymers
exhibit similar temperature dependence. Below 0.5 K,
the thermal conductivity is approximately proportional
to-T2 as the temperature increases, it increases more
slowly and reaches a plateau region between 5 and 15 K. At
higher temperatures, the thermal conductivity increases
further and becomes proportional to the specific heat.
Klemens (1951) attempted to explain these features
by suggesting that the phonon wavelength became large
compared with the disordered structure at low temperature
and showed that the mean free path would be proportional
to the square of wavelength. This, together with the T3
dependence of specific heat at low temperature, gave
rise to a linear temperature dependence of thermal
conductivity. In the high temperature range, the
scattering of short wavelength phonons by the disordered
structure gave a constant mean free path, and led to a










Figure 1 Thermal Conductivity of Amorphous Polymers.
The data are taken from Choy 1977). a, PMMA; i3, PET;
C, PC; D, PS; E, PYAc.
3specific heat. This result does not agree with the
observed T2 dependence and modifications must be made.
Recently, Morgan and Smith (1974) considered both the
elastic scattering of phonons by the fluctuations from
mean properties of solid and the effect of boundary
scattering, and interpreted the T2 dependence in terms
of a long correlation length of order 1000 A for the
correlation in spatial fluctuation, and explained the
existence of plateau in terms of the increasing
importance of a short correlation length of order 10 A.
Another approach to explain the temperature
dependence was made by Dreyfus, Fernandes and Maynard
(1968). They proposed a model of resonant scattering of
phonons by a band of localized low frequency modes. The
contributions to conductivity of all the scattered
phonons in the whole frequency range gave the right
shape of conductivity-temperature curve (in the plateau
region). A second model of resonant scattering was
proposed by Anderson, Halperin and Varma (1972), and
Phillips (1972) independently to explain the T2 depend-
ence at very low temperature. They assumed that certain
atoms or groups of atoms could sit more or less equally
well in two equilibrium positions of an asymmetric
potential well. Due to the resonant scattering of
phonons by the system, the phonon mean free path was
found approximately inversely proportional to the
4frequency at sufficiently low temperature, and the T2
dependence was resulted. Although these models seem
to be able to explain the temperature dependence in
different temperature ranges, they are tentative and
there are no other independent verifications.
The anisotropy of thermal conductivity of a few
oriented amorphous polymers has also been reported by
Hellwege, Henning and Knappe (1963), Henning and Knappe
(1964), and Eiermann (1964). The results are summarized
in Figure 2 and 3. Figure 2 shows that the thermal
conductivity increases with draw ratio in the draw
direction and decreases in the perpendicular direction.
Figure 3 shows the effect of orientation on the
temperature dependence. We see that.the effect is larger
at higher temperature: for PMIYIA, the increase of thermal
conductivity in the draw direction is about 22% and 40%
at 100 K and'-300 K, respectively, and the decrease in
thermal conductivity perpendicular to the draw direction
is about 8% at 100 K and 12% at 300 K. Hansen and Ho
(1965) obtained a expression relating the thermal
conductivity of unoriented polymer and the thermal
conductivities along and perpendicular to the draw
direction by considering the difference in energy
transmission along and between the polymer chains.
Another model was suggested by Henning (1967). He
assumed that an isotropic polymer was composed of an
5PVC
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Figure 2 Thermal Conductivity of Amorphous Polymers as
a Function of Draw Ratio The data are taken from Choy
(1977)., Data at 100 K;, Data at room
temperature.
Figure 3 Variation of Thermal Conductivity of
Polymethylmethacrylate (PMMA) with Temperature
T(°K)







7aggregate of axially symmetric units and the anisotropy
arose from the orientation of these units on drawing.
With the orientation distribution function (Henning
1967) estimated from the pseudo-affine scheme (Ward
1971), the conductivities parallel and perpendicular
to the draw direction were calculated in terms of the
thermal conductivities of the intrinsic unit along and
perpendicular to their symmetry axes.
1.2 Heat Conduction in Semicrystalline Polymers
The semicrystalline polymers exhibit different
temperature dependence from amorphous polymers. Some
of the data are shown in Figure 4 (Choy 1977). Below
20 K, a temperature dependence between T and T3 is
observed. As the temperature increases, the conductiv-
ity increases except for some highly crystalline polymers
such as polyethylene (PE) and polyoxymethylene (P0M).
The conductivities of them increase until near 100 K
and then decrease with temperature.
The thermal conductivities of a series of samples
of polyethylene terephthalate (PET) with crystallinity
from 0 to 0.5 have, been measured from 1. 5 to 70 K (Choy
and Greig 1975). Above 30- K, the thermal conductivity
was found to increase with increasing crystallinity,
while below 10 K, an opposite trend was shown. Choy and












Figure 4 Thermal Conductivity of Semicrystalline Polymers.
The data are taken from Choy (,1977). PEl, X= 0.81; PE2,
X= 0.71; PE3, X= 0.43; POM, X= 0.70; PET, X= 0.51;
PP, X= 0.62.
9arrangement of amorphous and crystalline regions with
the thermal boundary resistance arising from acoustic
mismatch at amorphous-crystalline interfaces. This
effect becomes very important at low temperature. How
ever, at high T (say, above 50 K), the effect of
boundary resistance can be neglected.
The high temperature behaviour of isotropic PE was
analysed by Sheldon and Lane (1965) by a two phase
model which considered a polymer to be composed of
isotropic crystallites randomly distributed in the
amorphous matrix. They analysed the results in two ways
spherical crystallites, which was essentially the
Maxwell Model, and cubic crystallites. The Maxwell
Model was recently modified by Choy and Young (1977) to
account for the anisotropy of the crystallites.
The experimental characterization of the thermal
conductivity of oriented semicrystalline polymers has
been reported only recently.(Hansen and Bernier 1972,
Burgess and Greig 1975, Gibson et al. 1977, Choy and
Greig 1977). The semicrystalline polymers show a much
larger anisotropy than amorphous polymers. The Models
mentioned above, the Aggregate Model (Henning 1977) and
the Modified Maxwell Model (Choy and Young 1977), may
also be applied to analyse the anisotropy of oriented
semicrystalline polymers. They will be discussed in
more detail in the next chapter. For highly oriented
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polymers, there are many tie molecules along the draw
axis which connect the crystallites. Gibson et a .l. (1977)
took this situation in account by using the Takayanagi
Model (Takayanagi 1963)o
1.3 Thermal Conductivity Measurements of Polymers
For steady-state measurements, good thermal contact
is essential, so rigid and hard specimens with parallel
flat surfaces are required. The thermal conductivity is
usually measured by applying heat to one end of the
specimen with the other end kept at an desired
temperature. Some typical steady-state methods
Guarded Hot Plate and Split Bar method were reported by
Anderson (1966) and Kline and Hansen (1970) in their
review articles. The main components of the Guarded
Hot Plate apparatus are the central heating plate and
the outer cooling sections. Two identical samples about
10 cm in diameter and 1 cm thick are sandwiched between
the central section and the cooling units. An appropriate
force is applied to improve thermal contact. Samples of
diameter about 2.5 cm and 0.2 cm thick are used in Split
Bar method. The sample is placed between 2 sections of
iron bars, one of which is connected to a heat sink.
Proper and uniform contacts are assured by a hydraulic
ram. The power is calculated from the temperature
gradient along the bars and the temperatures at the
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sample faces are obtained by extrapolation of temperat-
ures at different positions on the bars. The temperat-
ure drop due to the interfaces are eliminated by the
measurements of 2 samples with different thickness.
In transient methods, the measurement time is short
so the radiation loss and temperature drift have smaller
effects. The heat less coefficient appears in the
solution of the heat equation and can thus be obtained
by making extra measurements. They are therefore most
suitable for measuring high temperature thermal
conductivity of poor conductors such as pol r. ers. The
method for measuring high temperature properties of
building materials (Harmathy 1964) was applied to
measure the thermal properties of thin film polymers
(Steere 1966). A thin foil heater which provided
constant flux was placed between layers of sample sheets
of length about 6 cm, width about 4 cm, and height about
0.4 to 1.2 cm at each side.. The temperature records at
some distance(~ 0.1 cm) from the foil was analysed on
the assumption of linear heat flow, and used for
calculating the thermal properties of the polymer.
Recently, the flash method developed by Parker et al.
(1961) was adopted to the measurement of thermal
diffusivity of polymers (Chen, Poon and Choy 1977).
After the lamp was flashed, the transient temperature
between the front and back surfaces was recorded and
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used to calculate the thermal diffusivity. The thermal
conductivity was obtained from the product of den„ity,
specific heat, and diffusivity.
1.4 The Present Experiment
The study of orientation effects suffers from a
lack of measurements over a wide range of temperature.
Previous studies have been made either at room temp-
erature or below 100 K. in order to obtain sufficient
data so that a detail comparison with the theories
could be made, the Flash Method (Chen et al. 1977) was
employed to extend the measurement to the temperature
range of 100 to 350 K. The use ofaflashlight as heat
source allowed the use of small samples of diameter
about 0.6 to 1.2 cm and thickness about 0.3 to 3 cm, and
the physical contact could be kept to a minimum. No
force was applied to the surfaces of the samples, so
that they would not deform under the action of pressure
at high temperature,
In this experiment, the samples were formed from
strips of polymer glued together by means of epoxy. The
thermal conductivities along and perpendicular to the
draw direction of high density PE for different draw
ratio,/%, from 1 to.25, low density PE for N. from 1 to 4,
polypropylene (PP) for N. from 1 to 15, and PET for\= 5
have been measured. The annealing effect on oriented
13
PET ( =5) has also been studied. THe results were





In this model, a polymer is regarded as a
random aggregate of axially symmetric units, and the
contribution to the thermal conductivity of the macro¬
scopic sample made by each unit follows from the rules
of tensor transformation (Henning 1967). If the thermal
conductivities are averaged (parallel model), then
If the thermal resistivities are averaged (series model),
then
where K„ and Kx are the thermal conductivities of the
polymer along and perpendicular to the draw axis, K,,11
and KiU are the thermal conductivities of the intrinsic
unit along and perpendicular to its symmetry axis, 9 is
the angle between the symmetry axis and draw direction,
and{ denotes average.
The application of this model to the analysis of
semicrystalline polymers was criticized for being
unrealistic (Choy and Young 1977, Choy 1977). The
relation between the orientation function
of the aggregate and the orientation functions f and fp
of the crystallites and amorphous region is unknown, and
the thermal conductivities obtained from the parallel
and series models are expected to be the upper and lower
bounds for the aggregate only. Furthermore, Ku and K„u
are adjustable parameters and cannot be related to the
conductivities of the crystallites along and perpendicular
to the chain direction (K w and KCJ_) and the conductivity
of the amorphous region (K). Therefore, we will not use
this model to analyse our data.
2.2 Modified Maxwell Model
In the Modified Maxwell Model, a semicrystalline
polymer is considered to be a two phase composite consist¬
ing of spherical crystallites of thermal conductivities
K and along and perpendicular to the chain axis c
embedded in an amorphous medium of thermal conductivity
K and occupying a volume fraction X. At low draw ratio
(£5)» the thermal conductivity of the amorphous region
is assumed to be isotropic and remain unchanged. The
effect of boundary resistance at the interfaces is
negligible at high temperature (T£50 K).
Using a dielectric analogue, the amorphous phase is
taken as a medium of unit dielectric constant and each
crystallite is a sphere with dielectric tensor€' which
takes diagonal form in the crystallite frame s1 defined
by c-axis. The average dielectric tensor 6.. also takes
diagonal form in the frame S defined by the draw axis z.
To find the interaction of a crystalline sphere
with the others, each crystallite is assumed to be
situated inside a spherical cavity. Outside the cavity,
the region is treated as a macroscopic medium with
average field E. The field F inside the cavity is then
given in terms of the polarization P of the macroscopic
medium.
where the centre of the cavity is taken as the origin,




where D is the displacement vector.
The dipole moment p induced on each crystallite by
the field 3 can be expressed in terms of F through the
relation
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where o(ij is the polarizability tensor and it takes
diagonal form in S' frame.
(2. 2)
is related to by a tensor transformation
sincos sin( cos sin,
-cosCOS cos sinsinwhere
n cossin




Back to the S frame,
(2.5)
(2.6)
where N-= 3X/4 a3 is the number of spheres per unit
volume,
Combining equations (2.1), (2.5), and (2.6),




Since a covalent bond is stronger than Van der Waal forces
we expect Assuming that 1, and in terms
of the crystallite orientation function
(2.1)
(2.8)





For isotropic bulk samples f=0 and (2.8) reduces to
(2.11)
For highly oriented samples where the chains in the
crystallites are fully aligned (i.e. fc= 1), (2-8) becomes
(2.12)
(2.13)
We see that in this model, the thermal conductivity is
independent of k„ since it is so large that its effect has
been saturated. Since k1 can be determined from the thermal
conductivity of the isotropic material using equation (2.11)
and X and f c can-be measured physically, it is possible to
calculate K.. and K,, in terms of another measurable quantity Ka
2.3 Takayanagi Model
the chains. of the crystallites areh en
already aligned in the draw direction, and some of the
molecules joining the crystallites become taut and form
intercrystalline bridges. Assuming that the intercrystalline
bridges have the same thermal conductivity as the crystallites,
the Takayanagi Model (Takayanagi 1963) shown schematically







Figure 5 Schematic Representation of 'Takayanagi
Model for a drawn semicrys-talline polymer. A and
C denotes tfte amorpdous and crystalline regions,
respectively( - - - - ) represent the chain axes
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model, the amorphous region of length a and width 1- b
is in parallel with a crystalline region. (the bridges)
with same length and width b. These two regions together
is in series with another crystalline region (crystallites)
of length 1- a and width 1. Using this model, the




If we apply the same model to the mechanical case and
assume that. the condition bEc,,-7 (1- b)Ea is satisfied
(for PE, this condition is satisfied in the plateau region




where Ea is the Young's modulus of the amorphous region,
E,j and EC,, are the axial Young's modulus of the sample
and the crystalline region respectively.
This model predicts that K,I(T) is proportional to
E,,(plateau) as the draw ratio, increases and if EC,, is also
known, Kc11 (T) can be deduced from equation (2.16). The
values of a and b at each X- can also be determined from





3.1.1 Orrin and Moulding of Sample Materials
The starting materials for the samples used are
High density PE (Rigidex 50), Low density FE (WI 15),
pi (PPH) and a sheet of oriented PET (e-N,= 5). The
High density PE pellets with weight-average molecular
weight 86800 and number-average molecular weight 9800
were supplied by British Petroleum Chemicals, Ltd. The
Low density PE pellets and the sheet of oriented PET
were supplied by Imperial Chemical Industries, Ltd and the
PP pellets were supplied by Hoechst Co. Ltd.
For High density FE, Low density PE and PP, the
pellets were first placed between 2 stainless steel plates
(23 x 23 x 0.4 cm)'separated by stainless steel spacers of
thickness abou-t 3 mm as shown in Figure 6. The whole
assembly was then placed on the movable piston of a
hydraulic press (Shinto Miniature Test Press, Model No.
YS-5) and was heated to above the melting point of the
material until. the pellets were completely melted. The
material was then moulded under a pressure of about 70 kg/cm2
for about half an hour and cooled to give an isotropic
sheet,
The High density PE was moulded at 433 K and cooled






Figure 6 The Mould for Isotropic Polymer Sheets
25
quenched in water at room temperature* The low density
PE was moulded at 418 K and cooled at about the same
rate to room temperature, and the PP was moulded at 463 K
and quenched in water when the material was still molten.
3.1.2 Mechanical and Thermal Treatments
High density Polyethylene (HOPE)
The series of oriented HOPE samples were obtained
either by rolling the isotropic sheets at room temperature
with no change in lateral dimension or by drawing inside
the Instron High Temperature Chamber (Model 3111- 005)
at 348 K by means of the Instron Tensile Machine (Model
1026) at a rate of 5 cm/min with different drawing time,
The draw ratio in both case was defined as the ratio
of final length to the original length. The draw ratios
were determined from the ratios of the final average
separation of two parallel ink marks on the drawn- sample
to their initial separation (1 mm). The initial lengths
and widths of the rolled samples were about 5 cm. For
drawn samples (including LDPE and PP), the initial widths
varied from 1.5 to 3 cm so that the final widths were
suitable for the preparation of sample cylinders, and the
gauge lengths were 2 to 5 cm as listed in Table 1 to 4.The
rolled and drawn samples appeared differently an increase
in apparent transparency with increasing) for rolled samples
(due to reduction of thickness) was observed, while for
drawn samples, they beca.me silky and white in colour. This
might indicate the formation of microvoids within the
samples, and the decrease in density (Table 7) seems to
confirm this conjecture. The drawing process is summarised
in Table 1.
T.nw densitv Polvethvlene( liDPE)
The oriented samples of LDPE were prepared by drawing
at a rate of 5 cmmin at room temperature (about 295 K).
Continued drawing after about 1 minute caused only the
propagation of the drawn (neck) section without any
increase in draw ratio.

















































The draw ratio was measured after the sample had been
taken out from the tensile machine for more than one
day so as to allow sufficient time for any relaxation
effect.
Polypropylene (PP)
The sample with A= 5.2 was preparedby drawing at a rate
of 5 cmmin (about 200$ per min) at 403 K until necking was
completed. In order to obtain samples with larger draw ratio,
the oriented Sample was further drawn at a much slower speed
of 2 mmmin (roughly 5$ per min) and at the same temperature.
The sample with A= 15 was obtained by a third drawing at
the rate of 2 mmmin and at the same temperature. The sample
became silky and white when t hp draw ratio was above 14.
Tabl o 8 Premrati on of Oriented PP (1 1
1st Drawing 2nd Drawing




























Pnlvpthvlfipp terenhfhal ate (FKTl
In order to obtain samples with higher crystallinity, the
original oriented sample was clipped inside the Instron High
Temperature Chamber in such a manner that it would not shrink
in the draw direction and the temperature of the chamber was
then raised from room temperature to 497 K in about three and
an half hours and kept at the same temperature for four more
hours. The sample was cooled to room temperature quickly by
opening the chamber door. The temperature inside the chamber
at different time was recorded in Table 5.
HPaPIp R innpfll incr TT i q+. nmr nf Or i pntpH PPT






















3.1.3 Properties of Samples
of the samples listed in Table 7The density
were determined at room temperature by the flotation
method, using a mixture of toluene and carbon tetrachloride.
The density of the mixture was measured with a single-
beam specific gravity balance. The volume fraction
crystallinity X of the samples were determined from the
relation
are the densities of the crystallineandwhere
and amorphous phases of the polymer respectively. The
of PE, PP and PET (Mark 1966) areandvalues of
shown in Table 6.
Table 6 Density of Crystalline and Amorphous Phase of





The cylindrical-samples used in actual measurements
were formed by gluing rectangular strips of polymers of
equal length but varying width together with epoxy resin
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(kraldit). The draw direction of strips was made either
parallel or perpendicular to the cylindrical axis
(Figure 7) for the measurements of d if f us ity (and
thermal conductivity) along and perpendicular- to the
draw axis respectively. The ratio of the thickness of glue
film (dl) to the thickness of polymer strip (d2) was
estimated by weighing the strips before and after epoxy
was added with the density of epoxy assumed to be 1 g/cm3.
For measurement of diffusivity perpendicular to the draw
axis, some of the sample cylinders were formed by gluing
circular discs together as shown in Figure 7c. The glue
ratio d1/d2 was also estimated in the same way with d2
being the thickness of the disc. The lengths of the
sample cylinders were chosen from the optimization of
two factors a short front-back relaxation time to
ensure small correction for radiation loss which required
a relatively short sample (see section 3.4.1)and a small
bond effect which required a long sample (see section
3.4.3). The lengths (about 0.3- 2.5 cm) and diameters
(about 0.6- 1.3 cm) of the samples are listed in Table 8.
For temperature measurement, a fine gauge (0.1 mm)
copper-constantan thermocouple was glued with a small
amount of epoxy (Araldit) on each surface (front and
back) of the sample with the junctions at the centres
of the surfaces. A fine groove was also cut on each
surface to accomodate the thermocouple. The thermocouple
31
a b C
Figure 7 The sample cylinders used for measuring thermal
diffusivities ok„ a and ok L (b c Within each cylinder
one of its component anisotropic rectangular strip or
circular disc is shown together with the draw direction
(denoted by an arrow) to indicate the'relative directions.
Heat flow is along the cylindrical axis.
32
wire was about 30 cm long and was thermally anchored to
the sample chamber to reduce the heat transfer by conducting
to minimum. The sample was coated with black lacquer
(Fylox Aerosol Lacquer, 109A-) to increase surface
absorption and prevent radiant energy from reaching the
interior of the sample.
























































































































































The crystallinity was calculated on the assumption that
the densities of the amorphpus and crystalline phases are
not changed by rolling or drawing.























































































































Sample formed in series arrangement (Eigure 7c), with






b.2 Theorv of Measurement
After a short pulse of flash light has been applied
to one end (front surface) of a cylindrical sample of
radius R and length L, the heat flow in the sample is
governed by the diffusion equation:
(3.1)
where G is the specific heat, is the density, and
K.. is the thermal conductivity tensor of the sample.
In usual experimental conditions, the temperature
rise is only slightly above the ambient temperature T,
and K.• can be considered to be constant in the small
temperature range during measurement. If we take 0 as
the temperature above the ambient temperature, and for
an axial symmetric sample with z as the cylindrical
axis, K..= diag( K, K, K), equation (3.1) becomes
or (3.2)
By making coordinate transformation x= xfA 2, y= y'A 2
and z= z1, where A= K K
equation (3.2) becomes
where ci= K OC. With the boundary conditions for
linear radiative loss derived from the Stefan-Boltzmann
radiation law,
where
is the Stefan-Boltzmann constant, and e are the
emissivities for the curved (r) and flat (z) surfaces
of the cylinder, the temperature of the centre point of
the back surface above the ambient temperature, 0, and
the temperature between the centre points of the.front
and back surfaces, given by (Gape and Lehman




root of the equation
(3.7)
q is the smallest root of the equation
(3.8)
and J is the Bessel function of order n,
(3.9)
(3.10)
For only the m=l term would contribute
and
therefore the diffusivity o(z can be determined from the
decay time constant TT-(= t u) obtained from a
logarithmic plot of 0 against t through the relation
(3.11)
The correction factor 1) can be determined
(see section 3.4.1) from equations (3.6) to (3.8) if
RL and A are known.
3•5 Experimental Techniques
3'.3.1 Sample Chamber
The sample chamber of diameter 8 cm and length 12 cm
(Eigure 8) consisted of two copper cylinders with about
30 turns of helical groove 0.5 mm in width and depth
cut on their cylindrical surfaces. The 80-ohm heating
vire (SWG- 34 double silk-covered constantan) was bifilarly
wound and glued inside the groove with GE 7031 varnish.
The sample under investigation was suspended by three
nylon threads of diameter about 0.15 mm glued on the curved
surface of the sample from lock nuts on a mounting
plate Figure 9) fixed between the two cylinders. An
adjustable and close-fitting light shield with a glass
window was mounted on the sample plate.
The glass window was exchangeable and the size of the
window could be chosen (0.6, 0.9 or 1.2 cm in diameter)








































Figure 9 The Mounting Plate and Light Shield
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and back surfaces of the sample from direct heating by
the flash light. It also absorbed the black-body
radiation coming through the light-guide which would
otherwise raise the equilibrium temperature of the sample
considerably above that of the sample chamber and cause
a large static temperature gradient in the sample at
low temperature runs.
The light-guide was made of highly polished stainless
steel sheets to concentrate radiant energy from the flash
lamp through a glass front window onto the front surface
of the sample and was supported by the heat shield which
surrounded the sample chamber and was attached to the
liquid nitrogen trap suspended from the top plate of the
vacuum chamber by a tube through which liquid nitrogen
was added. The sample chamber. was also secured to the top
plate by a central stainless steel tube through the
liquid nitrogen trap.
The vacuum chamber was about 18 cm in diameter and
48 cm in over-all length. The lower part of it could be
removed for changing of samples. All the heating wires
and thermocouple leads were fed through a multilead
feed-through at the top part of the chamber and fixed to
the terminal blocks on the top plate.
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3.3.2 The Vacuum System and Temperature Control
The pumping system (Figure 10) was an Edwards 2
combined pumping outfit which consisted of a rotary
pump (Speedvac, ES35) for rough pumping or backing the
water cooled diffusion pump (Speedvac, E02), a vapour
trap (Speedvac, NTM2A), and a butterfly valve (Speed vac,
QSB2). The pressure was measured by a Pirani gauge
(Edwards model M6B) and a Penning gauge Vdwards model 6).
This system enabled the vacuum chamber to be kept at a
high vacuum of about 10 6 Corr during measurements so
that the heat loss due to gas conduction and convection
was negligible.
In order to control the temperature of the sample
at low temperature, the liquid nitrogen trap was filled
with liquid nitrogen, and for measurements above room
temperature, the trap was left empty. The temperature
of the sample chamber was measured with a c opper-
_constantan thermocouple with the reference junction kept
at ice-point in a water-ice mixture. The output was
compared with the voltage from a microvolt source
(Keithley model, 260) and the difference in voltage was
measured with a microvoltmeter (Kei thley model 155).
The 0 100 mV output from the microvoltmeter was then
fed into an temperature controller (Artronix, 5309)
which was capable of manual, proportional and fully-
automatic modes for operation and able to control the











































temperature to within 0.01 K. Usually, the manual mode
was chosen to give fast heating or cooling after the set
point had been changed and the full mode was chosen when
the desired temperature was approximately reached*
3.3.3 Experimental shuns
For low temperature runs, the vacuum chamber was
first pumped down to below 10-3 torr to get rid of the
moisture before the liquid nitrogen trap was filled.
Some dry nitrogen gas was admitted into the chamber
(about 2 to 3 torr) to speed up the cooling process, It
usually took a few hours to cool the sample( 5 to 6
hours to cool to 100 K) before the vacuum chamber was
pumped down to 10 6 torr. After the measurement at the
lowest temperature (about -100 K) had been made, the
temperature of the sample chamber was increased in 15-20 K
steps until room temperature was reached. It took about
10 minutes for the chamber to reach equilibrium
temperature after each setting, and for the sample, an
extra 20 or 30 minutes were needed.
The equilibrium temperature of the sample was determined
by measuring. the output of the thermocouple on the back
surface of the sample on a potentiometer (Leeds and
Northrop, K-3) with a rnicrovoltmeter (Keithley model 150B)
as a null detector. For transient temperature measurement,
either the back temperature (ice reference) or the front-





























back difference temperature was amplified and fed into
the Y-input of a 25 x 40 cm X-Y recorder (Hewlett Packard,
70051B) and an external time base (about 2 sec/cm for
front-back measurement and 20 sec/cm for back measurement)
was used so that the recorder became a temperature-time
recorder.
The flash lamp iMecablitz 402 with slight modifications)
was flashed manually for back temperature measurements,
Since the temperature change of the sample was small
compared to the equilibrium temperature, it was necessary
to suppress the back temperature by a constant voltage
supplied by the potentiometer for accurate measurement
of the temperature change with the recorder.
For front-back temperature measurements, the lamp
was flashed by automatic control, which started the time
sweep of the recorder about 1 second before the lamp was
flashed, and switched the amplified signal output to the
Y-input of the recorder about 2 seconds after the flash.
This mechanism enabled the disconnection of a large but
useless initial output of the front-back signal from the
recorder input. The duration of the pulse t was about
1 msec, which was more than sufficient to satisfy the
short pulse approximation( t <<tc). The maximum
temperature rise of the back surface was about 0.2 to 1 K
and the largest front-back signal was about 3 to 4 K.
For high temperature runs (above room temperatom
the procedure was repeated with the liquid nitrogen trap
left empty and the vacuum chamber kept at high vacuum
during the whole process.
3. 4 Data analysis
and enuation (3.8) become
3.4.1 Correction for Radiative Loss
Since the nature of the flat and curved surface:
of the sample are the same, the emissivities ez and er
are expected to be of the same value. From equation:
(3.8),(3.9) and (3.10) we have
For given values of
R/L, the cerrection factor
was computed numeri
from equations (3.6), (3.7) and (3.12) and was plotted
as a function of jX for various values of A and Rl in
Figure 13. It shows that U), has a weak dependence
on A except when A1, U. is relatively large (say 10$)
and Rl~ 1. When A is less than 1. the A dependence is
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Figure 13 A plot of to against. for various values
of RL and anisotropy A. A, RL= 0.1, A= 0.01, 1,
100; Bl, RL =1, A= 0.01; B2, RL =1, A= 1; B3,
RL= 1, A= 100; CI, RL= 4, A= 0.01; C2, RL= 4,
A= i; C3, RL= 4, A= 100.
for A= 1 and A= 0.01 is only o.2 for RL= 1. For
small value of RL(— 0.1), there is hardly any difference
in For a large range of A (A= 0.01 to 100).
The ratio ]Jj was usually kept small( 4$) in our
measurements by adjusting the length of the sample to
give a short relaxation time (about 3 to 15 sec),
and for sample with large A, the ratio RL was small
(For sample HDPE 8, A-50, RL= 0.12) so that we could
compute the correction factor with a roughly estimated
value of A or even use t.he correction factor for
isotropic samples (A= 1) for A less than 1.
For measurement of diffusivity along the draw
direction, A(= KKjl) was estimated from the approximate
values of K and Kj_ obtained in the measurement before
corrections were made, where and± denotes parallel
and perpendicular to the draw axis respectively. For
measurements, the sample was not cylindrically
symmetric (K K), but the average value of the thermal
conductivity in the r direction was expected to be greater
than K (since K K and. K K) and the average A
was less than 1. In this case, the correction factor
for isotropic samples were used.
From section 3.2, we see that 0 decays exponentially
with decay constant T f- t N..,,
t (say t Z6tc), and can be determined from the relation
In this experiment, t was measured at some selected
temperatures only, and the values of C for use were
obtained from a log-log plot of t against T (assumed to
he a straight line). Some— T curves (for PET) are
shown in Figure 14. The radiation correction factor to~~
for the samples are given in the Appendix.
3.4.2 Correction for Glue Effect
The presence of glue between layers of polymer strips
are expected to increase the relaxation time if the thermal
conductivity of the glue K- is less than that of the
polymer Kr along the cylindrical axis, and decrease it
when K-, K. Since the glue ratio in the experiment was
usually less than 3°fa (see Table 8), its effect was expected
to be small and only rough estimations were needed.
This effect was estimated by assuming the sample to
consist of an infinite stack of polymer strips of thickness
d and uniform glue films of thickness d- in alternate
layers. The diffusion equations for the polymer and
glue were solved with the boundary conditions of no heat
loss at the surfaces (z= 0 and z= L) after a heat pulse
had been applied to the front surface (z= 0) to
give:
100 onn -ann .nn
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Fierure 14 Variation of Radiation Time Constant of
Oriented PET( K= 5) with temperature.











where the centre on the front surface of a polymer strip
was taken as the origin with the x-axis perpendicular to
the polymer-glue interface, the subscripts 1 and 2 referred





denoted the thermal diffusivity of the polymer and glue,
respectively, with K as the thermal conductivity, as
the density and G as the specific heat.
If the glue is absent, the corresponding relaxation
and with equation (3.15) the
ratio of the actual relaxation time (without glue) to the




mustSince the temperature and heat flux
( the polymer-glue interface),be continuous at
when these conditions are substituted into equation (3-13)
and (3.14) and with the assumption that 1mn'gmn44 1, we
have
which, with equations (3.15) to (3.19 gives
(3.20)
Equation (3.20) shows that the correction factor g,,
for 'fin due to.the presence of glue is
Since K°w-l/Tl, the glue correction factor for
thermal conductivity is then given by
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(3.21)
For samples in series arrangement, the thermal
resistivities are averaged, we have
which implies
and the glue correction factor becomes
(3.22)
where KZ is the measured thermal conductivity of the
sample.,
In order to apply equations (3.21) and (3.22) the
value of K 1 was taken as 1.8 mw/ cm0K at 100 K and
2.4 mW/cm°K at 300 K which was typical for all amorphous
polymers (-Choy and Young 1977, Choy 1977), and the
measured value of KZ was useq in equation (3.21). Since
the glue 'effect would not affect the ratio the
radiation loss and glue effect were treated
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separately t.o give the relation
(3.23)
In most cases, the variation of g with temperature
was small and the average value of g was used for the
whole temperature range, The.values of g (or g') are
given in the Appendix. Its typical value is about 1.02
with the smallest value of 0.96 and largest value of
1.06. The typical values of w-1 at 100 K and 350 K are
0,998 and 0.900, respectively.
3.4.3 Bond Effect and Other Sources of Error.
It has been shown that the bonding between the
thermocouple and the sample gives rise to an additional
thickness on the sample (Chen et al. 1977), or
equivalently gives rise to an additional Increase in
relaxation time. Due to the different nature of the
bondings which depends on how well the thermocouple was
glued, and the different depths of the grooves on the
samples, the only way to correct for this effect is by
repeated measurements of different samples with different
lengths. In this experiment, the bond effect has not
been corrected and the results were calculated with
equation (3.23). However, judging from our previous
experiments (Chen et al. 1977), for samples of length
larger than 0.3 cm, the effect was expected to be less
than 10%.
IThe apparatus and recorder used for our measurements
have an intrinsic precision of better than 1 f0. Under
experimental conditions, the front-back time constant T-
could be reproduced to within 2 J for different runs,
for back temperature measrements, the time constant%
had a dispersion of about 10-20$ due to the temperature
drift and other electrostatic interferences on the small
back temperature signal (10- 4-OV) during the long
period of measurement. However, the value of JT appeared
only in the radiation correction factor and would affect
our result by a very small amount (say 1$).
Together with the effects of the various attachments
and dhesives, uncertainty of the positions of the
thermocouples, the slight static temperature gradient
in the sample, the non-uniformity in temperature, and
the fluctuations of intensity of the radiant energy over
the1 front surface, an overall precision of about 3 fo and
an accuracy of about 10 °!o was expected.
3.4-.4 Galculation of Thermal Gonductivitv
In this experiment, the actual measurement was made
on thermal diffusivity, and the thermal conductivity was
calculated from equation (3.23 J using the published
values of specific heat G, and the room-temperature
densi ty e. For PE, the specific heat data were obtained
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from Chang and Bestul (1973), Chang (1974) and Dainton
et al. (1962). The specific heat data of PP were obtained
from Passaglia and Kevorkian (1963) and Wilkinson and
Dole (1962), and the specific heat of PET were obtained
from Smith and Dole (1956) and Roinishvili, Tavkhelidze,
and Akopyan (1967),. The actual values of C used in the
calculations were listed in the Appendix.
Results are Discussion
4.1 Comparison with Previous Studies
The experimental results are shown in Fig.15 (HDPE),
Fig.16 (LDPE), Fig.17 (±P), Fig.18 (PET). We see that
between 100 and 350 K the slopes of the K„ versus
temperature curves of HDPE change gradually from negative
to positive as X increases from 1 to 25. For the other
samples, a gradual increase of slopes-with increasing X
is also observed. The negative slope of isotropic HDPE
can be understood from the fact that K, has a large
negative temperature coefficient and K has a small
positive coefficient (sde section 4.2), so with the large
amount of crystallites (Jvolume fraction X= 0.79), the
temperature dependence of KCj dominates. As X increase,
the chain axes in the crystallites become aligned with
the draw direction, so the contribution of K to K,
becomes less and the temperature dependence of Ka
dominates. The temperature dependence of the other
samples can also be understood from the difference in
temperature dependence of the corresponding K and K.
As shown in Fig. 15 and 17, our K( data for HDPE and
PP at the low temperature end (about 100 K) agree to
within 20$ with the results of Gibson et al. (1977) and
Choy and Greig (1977), respectively, on extruded samples.







Figure 15 Variation of the Thermal Conductivity of HDPE
with Temperature, o, K„ data:, K, data;, Data
of Gibson et al. (1977) on extruded samples,







Figure 16 Variation of the Thermal Conductivity of LDPE
with TfifflDfirature.







Figure 17 Variation of the Thermal Conductivity of PP
with Temperature, o, K„ data; x, K j_ data;,









Figure 18 Variation of the Thermal Conductivity of PET
with Temp0erature. K. data; x.K data
data (Chen et al. 1977, X=0.3); Data of Choy
and Greig (1977) on extrudel samples (X=0.42) A, K.
usually smaller than the published values for extruded
samples which may either be due to the combined error
of the two different measuring methods (Flash method
and steady-state method, respectively) or the difference
in structure of the two series of samples. The previous
results on drawn LDPE(= 5) (Meissner 1977) and
extruded PET (X- 3.6, X= 0.42) (Choy and Greig 1977)
are also plotted in the corresponding figures for
comparison. The K data of LDPE also agree with the
previous results to within 20% in the whole temperature
range.
The agreement for Ki is less satisfactory: for
extruded HDPE, a saturation of Kj. is observed whenX5,
while our values continue to decrease up to X= 15 with
the thermal conductivity being more than 40% lower than
the previous results. This could be the result of
difference in structures of the two types of samples.
For HDPE, the sample .with X= 25 has an extremely
high thermal conductivity in the draw direction, varying
from 85 mwcm°K at 120 K to 140 mVcm°K at 320 K, which
is comparable to that of stainless steel. The anisotropy
is also very large, with K,: :Kjl= 58:2.3:1 at 300 K.
The anisotropy for the other polymers are smaller and the
corresponding ratios are 7:1.5:1 for LDPE (X= 4.2),
13:1.7:1 for PP( X= 15) and 4.5:1.2:1 for PET( A= 5).
respectively.
4.2 Comparison with the modified Maxwell model
Since the crystalline lamellae of polymers are
composed of nearly cubical mosaic crystalline blocks
(Choy and Young 1977, Choy 1977), the assumption of
spherical crystallites is expected to give a good
approximation to the real situation, and the orientation
effect can be understood in the Modified Maxwell Model.
In order to calculate the thermal conductivity
using equations (2.8) to (2.11) we need to know the
quantities K_, K_,, and f. for PE, K has been estimated
(Choy and Young I977, choy 1977) by extrapolating the
thermal conductivity of its melt (Knappe and Lohe 1963)
down to 300 K (2.4 mWcm°K) and then assuming the
universal temperature dependence for amorphous polymers,
i.e. a 25°o decrease for a temperature drop to 100 K
(1.8 mVtfcm°K). K for PP and PET have been directly
measured by Eiermann (1965) so his values were used in
our analysis. When has been measured as a function
of crystallinity, as in the case of PE, K was determined
by fitting the data to equation (2.11). The comparison
of fitted values of with the data of Eiermann (1965)
given in Table 9 shows a fairly good agreement to within
about 10°o throughout the whole temperature range (100 K
to 300 K) for crystallinity X less than 0.8. For PP
and PET, Ki is available only for one sample (i.e. only
one crystallinity) other than the amorphous one (Eiermann
1965) and this value was used to calculate K from
equation (2.11). The quantities and K for all
three polymers are shown in Figure 19. The orientation
function of all three polymers were also obtained from
the literatures (Gupta and Ward 1971, Pietralla 1976,
Samuels 1974) and given in Figure 20.
Table 9 Comparison of the Thermal Conductivity of



























































































Figure 19 The Thermal Conductivities of the Crystallites
Perpendicular to the draw direction (KCjl) and the Amorphous





































Figure 20 Orientation Functions of Semicrystalline Polymers,°, LDPE (Gupta
and Ward 1971);•, LDPE (Pietralla 1976); n, HDPE (Pietralla 1976); a,
PP (Samuels 1974);, PET (Samuels 1974).
Polyethylene( HOPE and TIjPPP
The theoretical curves for HDPE in Figure 21 were
calculated under the assumption that the oriented samples
have the same crystallinity (X= 0.79) as the isotropic
sample since the determination of crystallinity from
density is impractical due to the formation of microvoids
(section 3.1.2) and the possible change of density of
the amorphous region due to the drawing process.
Figure 21 shows satisfactory agreement in both
magnitude (within ~10$) and temperature dependence
between the experimental and calculated values of and
K„ over the entire temperature range from 120 K to 320 K
f or 5.
The results for IDPE (Fig. 22) are less satisfactory
: although the theoretical predictions agree with the
isotropic results to within 10$ and with K„(= 2) to
within 20$, the model predicts a more gentle temperature
dependence for K„: a 40increase from 100 K to 300 K
is observed for X= 2, while the model predicts only a
15$ increase. This can be understood in terms of the
orientation of the amorphous region which has a larger
effect at high temperature (see section 1.1-and fig.3).
This effect is also expected to be more important for
LDPE because of its low crystallinity (X= 0.43).
At higher draw ratios the model breaks down, as
could be seen from Fig.23. The K„ values for HDPE at















Figure 21 Comparison of the observed Thermal Conductivity














Figure 22 Comparison of the observed Thermal Conductivity

















1 2 5 x 10 20 30
Figure 23 Variation of Thermal Conductivity of PB with Draw Ratio.
theoretical curve for HDPE;, theoretical curve of
LDPE;, HDPE (K);•, HDPE (Kx); A, LDPE (K„); o, LDPE (Kx).
30$, while at X= 10 the observed value is more than
twice the prediction. For LDPE, at the highest attain¬
able draw ratio 4.2 (f= 0.93), K„ is approximately
double the predicted value at room temperature. It is
quite clear that the limit of the model do not
depend on the value of the draw ratio itself but rather
the ease of orientation and the ultimate draw ratio of
the sample.
For Kx, although there are good agreements at about
200 K for low draw ratios, the difference between the
calculated and experimental data is about 15$ at the
low temperature end and 25$ at the high temperature end
for HDPE, and 30$ at 100 K and 15$ at 300 K for LDPE.
Ye can also see from Fig.21 and 22 that the model predicts
a stronger temperature dependence for HDPE, ana an
opposite temperature dependence for LDPE. This probably
indicates that Kx is more sensitive to the change of
structure during the drawing process which is neglected
by the model.
Polypropylene
The crystallinity of PP for theoretical calculation
were taken from Table 7. From the data of PP (Fig.24
and 25)., we can see that even at high draw ratio (=15),
the experimental results agree well with the theoretical
predictions at low temperature and are only about 50$









Figure 24 Comparison of the observed Thermal Conductivity
-P pp wi +.h t.hp nrpdi n t i on of the modified Maxwell model.
theoretical predictions,
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Figure 25 Variation of Thermal Conductivity of PP with Draw Ratio
, theoretical curves; A 9 K„; o Kj_.
the effect of tie molecules is not too important. T1
should be compared with the very large effect for HD!
(Pig.23) and we cannot offer any explanation at this
moment except that it may be associated with the higl
crystallinity of HDPE. Our value for isotropic PP a
with the calculated result to within 10$, while the]
data are only about 15-20$ larger than the calculate?
Polyethylene terephthalate
The data of thermal conductivity of isotropic PPT
with X= 0.3 obtained by Plash Method (Chen et al. 1977
was also plotted in Pig.26 for comparison. It shows th;
(X= 0.3) is about 20$ smaller than the model calcul¬
ation. The data of Kj_ agree with the calculated result
to within 10$, while K„ agrees with the theoretical
prediction at about 100 K and is only about 30% above tV
prediction at high temperature end. This stronger
temperature dependence f.or the observed K„ (also eviden
in the cases of LDPE and PP; see Pig.22 and 24) may ari:
from the effect of orientation on the amorphous region,
which has not been taken into account by the model.
The increase of thermal conductivity of the annealec
sample of PET is due to the increase of crystalline
regions which leads to the increase in density (section
3.1.3)• The orientation function of the oriented sample












Figure 26 Comparison of the bserved Thermal Conductivity
of PET with the prediction of the modified Maxwell model.
K..data (annealed. x=0.61)
0.37).K data
(Chen et al. 1977) theoretical predictions.K
A,X=0.61. fc=0.93; B, X=0.61, fc=0.56; C, X= 0.37
fc=0.93; D.X=0.3, fc=0. K' C' ,X=0.37,fc =0.93
it is expected to be within these two bounds: same
orientation as the original crystallites and random
orientation, so we can find approximate values of f for
the two bounds by averaging of the old and the
new crystallites. In the first case, fc remains unchanged
since the new crystallites have the same f(= 0.93) as
the original crystallites. In the latter- case
of the original crystallites (denoted b
obtained directly from the definition of f in Equation
(2.7)( assuming no change of f during the annealing
process) is 0.953, and that of the new crystallites
(denoted by is 0.333 for random orientation.
Assuming that the volume fraction of the original
crystallites remained unchanged (=0.37), the volume
fraction of the new crystallites must then be equal to
the increase of volume fraction crystallinity (=0.24).,
and the average is given by:
which implies f= 0.56. With these two values of f
(0.93 and 0.56), the model calculations are compared
with the experimental results in Pig.26. The comparison
shows that the K„ data of the annealed sample lie between
these two bounds.
4.3 Oorrmarison with the Takavaraen Model
Yhen the chain of the crystallites are approximately
aligned with the draw axis (say f= 0.95), the number of
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tie molecules joining the crystallites increases if the
the sample is further drawn. This causes large increase
in both the thermal conductivity and Young's modulus in
the draw direction because of higher strength of the
covalent bonds, but is not expected to have a large
effect in the perpendicular direction as could be seen
from the thermal conductivity data of HDPE: when,\= 259
K,, is more than 4 times the prediction of the modified
Maxwell model which neglects the effect of tie molecules,
while K.,_ has no great disagreement with the model calcul-
ation.
Using the Takayanagi model, the large rise in K,,
of HDPE can be correlated with the increase in Young's
modulus which was measured by a force vibration method
at a frequency of 10 Hz. From equation (2.16), we see
that a plot of K,i versus E,i (plateau) for different draw
ratio gives a straight line with slope equals to the
ratio of KC,, (T) to Ec11. Our results shown in Fig.27
verifies the linear relationship. Since the value of
E (Frank 1970) is approximately 240 GN/m2, K (T) was
found to be 350 mfWV/cm°K at 120 K and 540 mid/cm°K, i.e.
about 200 times Ka so that the assumption of Kc, Ka is
justified,
From equation (2.16) and X= 1- all- b), we can





Figure 27 Variation of the Thermal Conductivity along
the draw direction at temperature T with Youngs modulus
in that direction measured at 220 K» A T= 120 K;©
T= 300 K.
where (plateau)
As shown in Table 10, a remains roughly unchanged
at 0,22 while b increases from 0,016 to 0.077 as X
increases from 6 to 25. This result justifies the
assumption of neglecting the tie molecules in the Modified
Maxwell model for A 6 since the number is rather smaller
p < (b 0.016).
Table 10 Data on oriented samnles of HDPE
K (mWcm°K)




























Conclusion and Suggesrion for Further work
As we can see from the comparison with experimental
results, the modified Maxwell model can satisfactorily
account for the thermal conductivities of both isotropic
polymers with a large range of crystallinity (PE, X= 0.4
to 0.8) and many oriented polymers (PE, PP, PET): The
model agrees with the data to within 20% for Kx at all X1 s
and Ktl at X 6 with the exception of LDPE where
the effect of tie molecules seems to be important even at
low draw ratios.
The effect of tie molecules is reflected in the
data for HDPE at6 and LDPE at X= 4.2, and the linear
relationship between K„(T) and E,,(plateau) of HDPE shows
that the Takayanagi model is suitable for the analysis of
thermal conductivities and moduli of polymers at high draw
ratios. Por PP, the effect on thermal conductivity is not
important even at X= 15, while in the mechanical case,
the Young's modulus at X= 15 was found to be llOGNm at
300 K(Choy 1978). This value is about 12 times that of the
isotropic sample. This result suggests that further
investigation of samples of PP and other polymers at
higher draw ratios would be useful for a better under¬
standing of the effect of tie molecules.
The annealing of polymers was also found to increase
K„ because of the increase of crystallinity, but a larger
effect is expected if the sample is annealed before it is
drawn so as to increase the degree of orientation of the
new crystallites.
In order to make a better check of the modified
Maxwell model, further works should be done on other poly¬
mers such as POM, PVF2 and PEO and especially of those
polymers (such as PCTFE and PET) the crystallinity of
which can be varied greatly by physical treatments (such as
quenching and annealing) so that both the crystallinity and
orientation effect can be tested.
The large thermal conductivity along the draw direct¬
ion and the large anisotropy of HDPE, which is probably
associated with its high crystallinity, may be of technical
importance: it may be useful in applications which require
a good electrical insulator also to have a high thermal
conductivity to dissipate heat in a desired direction.
From previous results on oriented polymers, POM (X= 0.7)
is found to be another possible candidate for high K( since
extruded POM( X= 5) has a thermal conductivity along the
draw direction of about 15 mWcm°K at 100 K (Choy and
Greig 1977). It is therefore expected to be about 25-30
raWcm°K at 300 K and should even be higher at larger X.
It is therefore worthwhile to study the thermal conductivity
of POM at higher X's. Since it has a higher melting
point than HDPE, it can be used over an even wider
temperature range.
A -ni -v
Table 11 Thermal Conductivity of_ HDPE( isotropic




























































































? g varies from 1.004 at 120°K to 1.003 at 300°K




































































































G varies from 1.013 at 120°K to 1.011 at 300°K

































































































































































































































































































































































































Table 17 Thermal Conductivity of HDPE( A= 15, K,
Sample HDPE 7)





















































































































































































































Table 19 Thermal Conductivitv_ of HDPE
(Sample HHPE'9)'
(J- 0,965 gcra, L= 0.57cm, RL= 0.8, g'varies from 1.016 at



































































































Table 20 Thermal Conductivity of HDPE( A=. 5« P+)
(Sanml e HTlPE 1oY
?= 0,959 gcm, L= 0.619cm, RL= 1, g varies from 1.014

















































































































































































































































































































































































































































































g varies from 1.002 at 100°K to 1.0019 at 300°K
Table 24 Thermal Conductivity of_ LP!E (isotropic)
(Szmple I.DPE 1)






















































































g varies from 1.0057 at 100°K to 1.0062 at 300°K






















































































g varies from 1.0093 at 100°k to 1.0099 at 300°K





























































































g varies from 1.0038 at 100°K to 1.0041 at 300°K















































































jj= g varies from 1.0013 at 100°K to 0.9990 at 300°K
Table 29 Thermal Conductivity of PP( isotropic,

















































































































g varies from 0.9964 at 100°K to 0.9979 at 300°K








































































































































g varies from 1.0075 at 100°K to 1.0101 at 300°K





























































































g varies from 1.018 at 100°K to 1.020 at 300°K











































































































g varies from 1.025 at 100°K at 1.029 at 300°K
Table 33 Thermal Conductivity of PP( X= 8,2. Ka)










































































































it g varies from 0.980 at 100°K to 0.983 at 300°K


